Abstract. We examined rates of DNA sequence evolution in 12 populations of Escherichia coli propagated in a glucose minimal medium for 20,000 generations. Previous work saw mutations mediated by mobile elements in these populations, but the extent of other genomic changes was not investigated. Four of the populations evolved defects in DNA repair and became mutators. Some 500 bp was sequenced in each of 36 genes for 50 clones, including 2 ancestral variants, 2 clones from each population at generation 10,000, and 2 from each at generation 20,000. Ten mutations were found in total, all point mutations including mostly synonymous substitutions and nonsynonymous polymorphisms; all 10 were found in mutator populations. We compared the observed sequence evolution to predictions based on different scenarios. The number of synonymous substitutions is lower than predicted from measured mutation rates in E. coli, but the number is higher than rates based on comparing E. coli and Salmonella genomes. Extrapolating to the entire genome, these data predict about 250 synonymous substitutions on average per mutator population, but only about 3 synonymous substitutions per nonmutator population, during 20,000 generations. These data illustrate the challenge of finding sequence variation among bacterial isolates that share such a recent ancestor. However, this limited variation also provides a useful baseline for research aimed at finding the beneficial substitutions in these populations.
Introduction
The field of molecular evolution has led to dramatic advances in our understanding of the history of life on Earth since Zuckerkandl and Pauling (1965) proposed that macromolecular sequences evolve in a clock-like fashion, such that phylogenetic relationships can be inferred from these data. To anchor times of divergence, and to estimate underlying rates of molecular evolution, calibration of the molecular clock has often relied on paleontological data (Marshall 1990; Tavare et al. 2002) .
Although historical approaches remain the major focus in evolutionary biology, recent years have witnessed considerable growth of experimental approaches, in which researchers study evolution in action in defined environments (Bennett 2002) . For years, such work mostly used fruitflies (Dobzhansky and Pavlosky 1957; Rose 1984; Moya et al. 1995) but recent work has expanded to include viruses (Bull et al. 1993; Elena et al. 1998; Wichman et al. 1999 ; Burch and Chao 2000) , bacteria (Chao and Cox 1983; Lenski et al. 1991; Travisano et al. 1995; Rainey and Travisano 1998; Velicer et al. 1998) , yeast (Paquin and Adams 1982; Zeyl 2000) , and even vertebrates (Reznick et al. 1997) .
The use of microorganisms offers several advantages for experimental evolution, two of which are most relevant to this paper. First, experiments can last for thousands of generations, allowing significant evolutionary change and beginning to close the gap in temporal scale with some historical studies of evolution. Nonetheless, it must be realized that even thousands of generations are a mere ''drop in the bucket'' of evolutionary time. Second, microbial populations can be started from a genetically homogeneous clone-indeed, a single haploid cell. Thus, one can be confident that evolutionary changes reflect only genetic events that occurred during an experiment, as opposed to sorting of genetic variation that was already present in the founding population. This issue is especially relevant for interpreting cases of parallel evolution, where the level of independence between replicate lines is difficult to establish if the genetic variant in question was present in the ancestral population.
With viruses, it has become possible to obtain complete genome sequences for isolates derived from evolution experiments, and to elucidate every change from the ancestral genotype, as shown by Wichman et al. (1999) . In that study, some nonsynonymous mutations were discovered to have been substituted repeatedly in replicate populations, and these parallel changes are strong candidates for beneficial mutations. Because such mutations are evidently under selection, however, one cannot directly infer the underlying mutation rate from the observed substitution rate. More generally, several studies with asexual bacteria and inbred fruitflies have begun to identify de novo mutations substituted in evolving experimental populations. Some of these studies have found beneficial mutations in candidate genes (NotleyMcRobb and Ferenci 1999, 2000; Cooper et al. 2001 Cooper et al. , 2003 , others measured the accumulation of certain classes of mutation to estimate their underlying rates (Nuzhdin et al. 1997; Schug et al. 1998; Maside et al. 2000) , and still other studies have discovered some mutations but not yet determined their fitness effects or their underlying rates (Bergthorsson and Ochman 1999; Papadopoulos et al. 1999; Schneider et al. 2000; Riehle et al. 2001) . Except for viruses, it is not yet practical to obtain whole-genome sequences for the many genotypes that are generated and must be interpreted in an evolution experiment. However, in this study, we make a start toward that goal by sequencing about 500 bp from each of 36 randomly chosen gene regions in 50 clones from 12 populations that are part of a long-term evolution experiment with the bacterium Escherichia coli. In all, we sequenced almost a million base pairs (36 regions · 500 bp per region · 50 clones), and our study had the power to detect substitutions in more than 4 billion bpAEgenerations (36 regions · 500 bp per region · 12 populations · 20,000 generations per population). And because the regions were chosen at random (not candidate genes chosen for their potential role in adaptation or certain mutational classes chosen for their hypermutability), we can use data on synonymous substitutions, which are presumed to be selectively neutral, to infer typical base-pair mutation rates.
The main features of this long-term evolution experiment with E. coli are as follows (Lenski et al. 1991; Lenski and Travisano 1994) . Twelve populations were founded, six from each of two variants that differ only in a neutral genetic marker used to distinguish competitors in assays of relative fitness. Each population was founded from a single cell. They have been propagated by serial transfer in a minimal medium supplemented with glucose at 25 lg per ml and incubated at 37°C. Every day, each population has been diluted 1:100 into fresh medium. The resulting regrowth allows about 6.6 (=log 2 100) generations of binary fission per day. The ancestral strains have been kept frozen at )80°C throughout the experiment, and evolved samples are periodically saved and stored as well. In the present study, we examine 50 clones, including the 2 variants of the ancestor, 2 randomly chosen clones from each population at generation 10,000, and 2 more clones from each population at generation 20,000.
During these 20,000 generations, the average fitness of the evolved populations increased by about 70% relative to that of their ancestor, based on competition experiments performed in the same environment (Cooper and Lenski 2000) . Numerous other phenotypic changes have also occurred in these evolving populations, including the production of larger cells (Lenski and Mongold 2000) and subtle, but significant, changes in catabolic functions (Cooper and Lenski 2000) . Of particular relevance to this study, 3 of the 12 populations evolved defects in DNA repair by generation 10,000 (Sniegowski et al. 1997) , and a fourth did so by generation 20,000 (Cooper and Lenski 2000) . Owing to these defects, these ''mutators'' have genomewide mutation rates that are about 100-fold higher than those of the ancestor or other populations (Sniegowski et al. 1997) .
Molecular genetic analyses of these populations are proceeding on various fronts. Native insertion sequence (IS) elements, which often exist in multiple copies in bacterial genomes, have been used as probes against digested genomic DNA to identify IS-mediated mutations, including insertions, deletions, and inversions (Papadopoulos et al. 1999 ). After 10,000 generations, each population typically possessed several IS-mediated mutations that had been substi-tuted and a number of others that were polymorphic. In two focal populations, several of these IS-mediated substitutions were precisely characterized at the sequence level (Schneider et al. 2000) ; a set of parallel deletions was also characterized in all 12 populations (Cooper et al. 2001) .
In this study, we seek to detect and quantify other kinds of mutations substituted in these evolving populations. While it is possible to find nearly all ISmediated mutations in a genome, owing to the changes in DNA fragment sizes that they cause, it is not currently possible to find every point mutation except by exhaustive sequencing. Therefore, in this study, we sequenced several dozen randomly chosen gene regions in several clones from all 12 populations, to obtain some measure of the extent of genomic evolution in this experiment. We also seek to compare the observed rates of substitutions, especially those that are selectively neutral, with alternative models based on different lines of evidence (Drake 1991; Ochman et al. 1999 ; see also Drake et al. [1998] for a general review comparing rates of spontaneous mutation in many organisms).
Although our interest in experimental evolution has been primarily from the standpoint of addressing fundamental questions, information about shortterm rates and patterns of molecular evolution has important applications in the epidemiological and forensic tracking of pathogens. Such applications are particularly difficult when potential organisms of interest share a recent common ancestor, as is the case for the Bacillus anthracis used in the recent bioterrorism (Read et al. 2002) . Molecular studies on the long-term experimental E. coli populations provide data concerning the extent of genetic divergence that can evolve over a defined period in a bacterial species.
Materials and Methods

Bacterial Strains
Twelve populations of Escherichia coli B were founded from the same ancestor, except for a neutral Ara marker embedded in the experiment, as described below. The 12 populations were propagated by serial transfer for 20,000 generations (3000 days) in a minimal salts medium supplemented with 25 lg glucose per ml, as described previously (Lenski et al. 1991; Lenski and Travisano 1994; Cooper and Lenski 2000) . Each population started from a single cell, and the populations have depended on spontaneous mutations for their subsequent evolution.
The B strain used as ancestor in this experiment was designated Bc251, and described as T6-r str-r rm 111 ara ) , by S. Lederberg (1966) . A spontaneous Ara + mutant was selected from it (Lenski et al. 1991 ). The Ara ) and Ara + variants differ by a point mutation in araA (C. Borland, unpublished data). Six of the 12 populations were founded by each of these two variants. The populations are designated Ara)1, Ara)2, Ara)3, Ara)4, Ara)5, Ara)6, Ara+1, Ara+2, Ara+3, Ara+4, Ara+5, and Ara+6. Samples from each population were periodically taken and stored at )80°C. For this study, we chose two clones at random from each population at generation 10,000 and two more at generation 20,000. We sequenced 36 gene regions (next section) in each of these 48 evolved clones as well as the 2 variant ancestors. For those samples in which one or both clones had a mutational difference from the ancestor, three additional clones were randomly chosen for further sequencing.
As will be very important for interpreting the results, the populations diverged from one another in the genetic mechanisms controlling genomewide mutation rates (Sniegowski et al. 1997; Cooper and Lenski 2000; P.D. Sniegowski, unpublished data) . Eight populations retained the low ancestral mutation rate throughout the 20,000 generations. Three populations (Ara)2, Ara)4, and Ara+3) evolved genetic defects in methyl-directed mismatch repair and they became mutators prior to generation 10,000. Another population (Ara+6) also became a mutator, but it is enigmatic in several respects that are discussed later.
Gene Regions Sequenced
Four ORFs were randomly chosen for sequencing in each 10-min interval of the E. coli K-12 chromosome. Primer pairs were designed using the K-12 genome that would allow sequencing of approximately 500 bp in each gene. Four genes (ymfE [25.8 min], rfbB [45.5 min], eutE [55.4 min], and yhfS [75.5 min]) did not yield product for sequencing using the initial primers, perhaps owing to differences between the B and the K-12 genomes; these genes were not pursued further. Table 1 lists each of the 36 genes in this study, its map location, the total number of base pairs and the number sequenced, and the function of its gene product. All 36 regions (totaling 18,374 bp) were sequenced in all 50 clones (=918,700 bp sequenced in total). Of the base pairs sequenced in each clone, 4360 (23.7%) and 14,014 (76.3%) were at risk for synonymous and nonsynonymous mutations, respectively, as calculated using the Molecular Evolutionary Analysis Package (Etsuko Moriyama, Yale University; version 6/22/2000) and based on the algorithm of Nei and Gojobori (1986) .
DNA Extraction and Amplification
DNA was isolated from each clone using a Qiagen Tissue Kit, following the manufacturer's instructions, or by a boiling technique. The latter involved transferring cells from a single colony into a 1.5-ml microcentrifuge tube containing 100 ll of sterile Milli-Q water; this preparation was boiled for 10 min and stored at 4°C for subsequent manipulations. Typically 30-60 ng of nucleic acid was used for individual PCR amplifications. Oligonucleotide primers, from 18 to 25 nucleotides, were designed using the Primer3 program (www.genome.wi.mit.edu) or Mac Vector 6.5. 1 (Oxford Molecular). PCR primer pairs were designed to produce an amplified product between 500 and 600 bp in length. The primer pairs employed for all 36 genes listed in Table 1 are available on request from the authors. All reactions were performed in a Gene Amp 9700 thermocycler (PE Biosystems) and using the following program: 95°C for 5 min; 25 cycles at 95, 57, and 72°C, for 45 s each; and, finally, 72°C for 7 min. Amplified products were visualized on 1% agarose gels containing 5 ng ethidium bromide per ll to determine the correct size and concentration. The products were then purified using either a GeneClean III kit (Bio 101, Inc.) or a QIAquick 8 PCR purification kit (Qiagen) following the manufacturer's recommended procedures.
DNA Sequencing and Analysis
Sequencing reactions were prepared for analysis on an ABI 377 automated sequencer using the Big Dye Terminator Cycle Se-quencing Kit (ABI Applied Biosystems) following the manufacturer's recommended protocol. All PCR products were sequenced in both the forward and the reverse directions. Sequencing reactions were purified using a 96-well filtration block (Edge Biosystems) following the manufacturer's recommended procedure. Sequences were assembled manually and aligned using Sequencer 3.1.1 (Gene Codes). Only those regions with coverage of both strands were analyzed. In every case where a putative mutation was identified, it was confirmed or rejected by resequencing the relevant region twice using independent DNA extractions. Whenever resequencing confirmed a mutation in one or both clones, that gene region was sequenced in three more clones randomly picked from the same population and generation.
Results
We present our results separately for the eight populations that retained the low ancestral mutation rate through 20,000 generations, then for three popula- Blattner et al. (1997) tions that evolved into mutators before the midpoint of the experiment, and, finally, for one rather enigmatic population that also became a mutator. However, before presenting these data, we present three alternative mutation-rate scenarios that predict very different levels of synonymous substitutions (Table  2) . We can then evaluate whether any of these scenarios are supported, or conversely excluded, by our data.
Alternative Scenarios
One of the theoretical foundations of molecular evolution is that the steady-state substitution rate of neutral mutations is independent of population size (Kimura 1983) , including the influence of selection on effective population size. Moreover, the steady-state rate of substitution at neutral sites is equal to the underlying mutation rate at those sites (Kimura 1983) , so that the mutation rate can be estimated simply and directly as the rate of substitution at neutral sites. In all three scenarios below, we assume that synonymous mutations are neutral. We also assume that 23.7% of all mutations are synonymous, which is the fraction corresponding to the gene regions that we sequenced. The three scenarios differ only in their base-pair mutation rates. Each scenario uses two values: a basal value that is applied to the eight nonmutator populations and a higher value used for the three populations that evolved into imitators before the midpoint of the experiment. The latter values are 104-fold higher than the former values. We calculated this multiplicative factor as the geometric mean of eight estimates from fluctuation tests using all three of these mutator populations and three loci (Sniegowski et al. 1997 ). The corresponding arithmetic mean is 212-fold, but it is heavily influenced by the highest values. These three populations were mutators on average for 15,300 of the 20,000 generations (Sniegowski et al. 1997 ), and we apply the 104-fold higher mutation rate only to this number of generations.
Intermediate Mutation Rate. Summarizing data obtained from studies of mutation at several wellcharacterized loci in E. coli, Drake (1991) estimated an average mutation rate of 5.4 · 10 )10 per bp per generation. Given the 20,000 generations elapsed and 18,374 bp sequenced, this scenario predicts 0.047 synonymous substitution in each nonmutator population (Table 2 ). If we sum this value over all eight nonmutator populations, we expect 0.38 synonymous substitutions. Therefore, it is somewhat more likely to find no synonymous mutations substituted than one or more substitutions.
Under this intermediate scenario, the mutator populations are predicted to average about 3.8 synonymous substitutions among the 18,374 bp sequenced (Table 2) . Summing over all three mutator populations, we expect about 11.3 synonymous substitutions.
Low Mutation Rate. Ochman et al. (1999) argued that the mutation rate given by Drake (1991) is much too high, based on its inconsistency with synonymous substitution rates calculated from DNA sequence divergence between E. coli and Salmonella enterica. Ochman et al. estimated that the substitution rate per synonymous site is 4.5 · 10 )9 per year. This annual rate corresponds to 2.25 · 10 )11 substitutions per synonymous site per generation, assuming 200 generations per year (the middle of the range they gave for natural populations of E. coli). Using neutral theory, this synonymous substitution rate provides a direct estimate of the base-pair mutation rate, if one assumes that synonymous substitutions are selectively neutral.
Applying this low rate to the long-term E. coli populations, along with the number of base pairs sequenced and the fraction at risk for synonymous mutations, we expect to observe only about 0.002 synonymous mutation substituted per nonmutator population (Table 2) . We would almost certainly not discover even a single synonymous substitution in any of the eight nonmutator populations. This lowrate scenario predicts about 0.16 synonymous substitution per mutator population (Table 2) , and 0.47 such substitutions over the three mutator populations combined. Therefore, it is about as likely to find no synonymous mutations substituted in any of the mutator populations as it is to find one or more substitutions.
High Mutation Rate. At the other end of the spectrum, some colleagues have suggested to us that they would expect to see many more mutations in the long-term experiment than predicted using the mutation rate calculated by Drake (1991) . Two explanations that are relevant to synonymous substitutions have been suggested. First, Drake's estimate is based on exponentially growing cells. Starving cells might have higher mutation rates than growing cells, and starving cells can accumulate mutations without the elapse of generations (Mittler and Lenski 1990; Zambrano et al. 1993; Bridges 1998) . The E. coli populations in the long-term experiment were transferred to fresh media each day, but they depleted the available glucose in only about 8 h. Hence, the cells spent more than half their time in the stationary phase, and they may thus have experienced a higher mutation rate per generation. Second, some genes are much more mutable than others, whether by happenstance or to promote evolvability (Moxon et al. 1994) . It is possible that the handful of genes used in the estimate by Drake produced a substantial underestimate of the total genomic mutation rate. For example, Cooper et al. (2001) discovered that the rbs operon was partially or entirely deleted in all 12 longterm E. coli populations. They showed that this high rate of loss was caused, in part, by hypermutability attributed to an adjacent IS150 element. The localized mutation rate leading to this particular loss of function was much more than an order of magnitude higher than expected from the estimate of Drake (1991) .
Both these explanations are quite reasonable and presumably have at least some effect. However, we are unaware of a publication that sets out such precise parameter estimates as the two preceding scenarios, although one can easily imagine that the net effect could be very large. For the sake of illustration, we increased the base-pair mutation rate by 10-fold relative to that of Drake (Table 2) .
Applying this high mutation rate to our system, we would expect about 0.47 synonymous substitution per nonmutator population (Table 2) , for a total of about 3.77 across all eight nonmutator populations. This scenario is the only one of the three that would be inconsistent with the failure to discover any synonymous substitutions at all in the nonmutator populations. This scenario also predicts about 38 synonymous substitutions in each mutator population (Table 2) and about 113 such substitutions in the three mutator populations combined.
Sequence Evolution
Let us now turn to the results of our sequencing to see how they compare to the three scenarios. A total of 18,374 bp, from 36 randomly chosen ORFs, was sequenced in each of 50 clones. Of the base pairs sequenced, about 23.7% were at risk for synonymous mutations. The 50 clones included the 2 ancestors that differed by a neutral marker embedded in the experimental design, 2 clones randomly sampled from each of the 12 evolving populations at generation 10,000, and 2 more clones from each population at generation 20,000. The two ancestral variants were identical at every base, as the genetic marker lies in the araA gene that was not sequenced in this study; therefore, we subsequently refer simply to the ancestor.
In every case where a sequence difference was initially observed between a derived clone and the ancestor, that difference was further tested by resequencing the relevant gene at least twice. Also, whenever resequencing confirmed a mutation in one or both clones in the same sample, that gene region was sequenced in three additional clones randomly picked from the same population and generation. We define a substitution operationally as all five clones in a sample sharing the same mutational difference from the ancestor. In contrast, we define a polymorphism as any case in which between one and four of the five clones in a sample share a particular mutation.
Nonmutator Populations. Eight of the 12 populations retained ancestral rates throughout the 20,000 generations of experimental evolution (Sniegowski et al. 1997; Cooper and Lenski 2000; P.D. Sniegowski, unpublished data) .
Among the 36 randomly chosen gene regions that we sequenced, not a single substitution was observed in any of these eight populations, nor were any polymorphisms found. These data are consistent with both the intermediate and the low mutation-rate scenarios. However, they are inconsistent with the high mutation-rate scenario (p = 0.0231 based on the Poisson expectation for the zero-class).
Mutator Populations. Three of the 12 populations evolved defects in their methyl-directed mismatch repair pathway by 10,000 generations, and they remained defective throughout the experiment (Sniegowski et al. 1997; Cooper and Lenski 2000; P.D. Sniegowski, unpublished data) . On average, these populations were mutators for 15,300 of the 20,000 generations, and during this time their mutation rates were elevated by about 100-fold relative to that of the ancestor.
Among the 36 random gene regions sequenced, we found a total of four substitutions in these populations, where a substitution indicates that all five clones of five in a population sample shared the same mutational difference from the ancestor (Table 3) . Population Ara)4 had three of the substitutions, including a synonymous A fi G mutation in yjcD, a synonymous T fi C mutation in adhP, and a nonsynonymous T fi C mutation in ybbB. Ara+3 had a synonymous G fi A mutation in nrdA. No substitutions were found in the other mutator population, Ara)2. All four of these mutations are either AAET fi G AE C or G AE C fi AAET transitions, which are precisely the classes of point mutation that are known to be overrepresented as a consequence of defects in methyl-directed mismatch repair (Friedberg et al. 1995, p. 376) .
Overall, three of the four substitutions were synonymous, and all four were substituted late, with none of them detected even as a polymorphism after 10,000 generations. In fact, no polymorphisms were seen in the 36 random genes in any of the three mutator populations at either time point.
The data for the three mutator populations fall in between the expectations based on the low and intermediate mutation-rate scenarios, and they are thoroughly inconsistent with the high scenario ( Table  2) . Based on the Poisson distribution, the probability of observing three or fewer synonymous substitutions under the intermediate scenario is 0.0040, meaning that significantly fewer substitutions were observed than would be consistent with this scenario. The probability of observing three or more such substitutions under the low scenario is 0.0122, indicating that there were significantly more such substitutions than would be compatible with that scenario. Recall, however, that we used the lower geometric-mean estimate (104-fold) of the effect of the mutator status on mutation rate. If we use instead the higher arithmeticmean estimate (212-fold), then the low mutation-rate scenario predicts a total of 0.96 synonymous substitution in the mutator populations and it is marginally consistent with the observed number (p = 0.0726 based on the Poisson distribution).
An Enigmatic Population. Population Ara+6 exhibited some unique features before we began this study, and it has become even more enigmatic based on our sequencing. Ara+6 was not identified as a mutator at generation 10,000 (Sniegowski et al. 1997 ), but it had become a mutator by generation 20,000 (Cooper and Lenski 2000; P.D. Sniegowski, unpublished data) . Unlike the three other mutators described above, the defect in Ara+6 was not genetically complemented by wild-type alleles of any gene in the methyl-directed mismatch repair pathway (P.D. Sniegowski, unpublished data). Ara+6 is also unusual in that it produces sickly colonies (small size and low plating efficiency) on our standard rich plating medium, although it is highly competitive in the liquid minimal-glucose medium in which it evolved (as are all 12 evolved populations). This sickly colony appearance was manifest before 10,000 generations, whereas the mutator phenotype seems not to have arisen until much later.
Among the 36 gene regions sequenced, we found six different mutations in Ara+6, which is more than in all the other populations combined (Table 3 ). The mutations in Ara+6 include a nonsynonymous A fi C mutation in yjiN, two different nonsynonymous T fi G mutations in feoB, a nonsynonymous A fi C mutation in caiT, a nonsynonymous A fi C mutation in ycdS, and a nonsynonymous A fi C mutation in hisI.
The pattern of variation in Ara+6 is also unlike that in the other populations in several respects. (1) Three of the six mutations in A+6 were present in the 10,000-generation sample, whereas all four other mutations were found only at generation 20,000. (2) All six mutations in Ara+6 were nonsynonymous, whereas three of four in other populations were synonymous. This difference is significant (p = 0.0333, two-tailed Fisher's exact test). (3) None of the six mutations in Ara+6 led to a substitution, whereas all four mutations found in the other populations were substituted. The situation is complicated with hisI in Ara+6 because all five clones from generation 10,000 had the mutation, but only four of five clones at generation 20,000 carried it. Even if we count the hisI mutation as having been substituted, the difference between genetic polymorphisms in Ara+6 and substitutions in the other populations is significant (p = 0.0476, two-tailed Fisher's exact test). (4) All six mutations found in Ara+6 are AAET fi CAEG transversions, while all four mutations in other populations are transitions. This difference is highly significant (p = 0.0048, two-tailed Fisher's exact test). Based on the abundance, timing, and other patterns of mutation in Ara+6, we hypothesize that this population became a mutator before generation 10,000 and that this phenotype was the consequence of a lesion in the mutT gene. The failure to discern its mutator status at that time could mean that Ara+6 was polymorphic for the mutator phenotype or, perhaps, the population reverted between mutator and nonmutator phenotypes during its history. In any case, mutators caused by defects in mutT promote AAET fi CAEG transversion mutations (Friedberg et al. 1995, p. 159) , precisely those seen in Ara+6. Moreover, mutT mutators have more potent mutagenic effects than those caused by defects in methyldirected mismatch repair (Friedberg et al. 1995) . This potency would explain the higher number of mutations in Ara+6 than in the other mutator populations. It could also account for the pattern in Ara+6 of polymorphic and nonsynonymous mutations, which are expected in a population that suffers from an elevated load of deleterious mutations, although one would also expect to observe more synonymous substitutions as well. We suggest that future work be directed toward testing the hypothesis that Ara+6 has been a mutT mutator during part of its history.
Discussion
We examined the extent of DNA sequence variation in 12 populations of E. coli that evolved for 20,000 generations in a simple laboratory environment. We sequenced 36 gene regions, about 500 bp in length, in each of 48 evolved clones and their ancestor. Only 10 mutations were found in total, and all 10 were in four populations that had been mutators for much of the experiment owing to evolved defects in DNA repair pathways. Four of the 10 mutations were substitutions in populations that had evolved defects in methyl-directed mismatch repair, and these mutations were AAET fi GAEC or GAEC fi AAET transitions, which are characteristic of this class of mutators. The other six mutations were polymorphic in one population that evolved an uncharacterized mutator phenotype. All six of these mutations were AAET fi CAEG transversions, which strongly suggests that this population evolved a defect in mutT. No mutations at all were found in any of the eight populations that kept the low ancestral mutation rate throughout the 20,000 generations, among the 18,374 bp sequenced for each population.
We used these data to evaluate three scenarios for rates of molecular evolution, focusing on synonymous substitutions that we assume are selectively neutral. Using the neutral theory of molecular evolution (Kimura 1983) , the base-pair mutation rate and the proportion of mutations that are neutral are sufficient to predict the steady-state rate of neutral substitutions, regardless of population size and the effect of selection thereon. Our intermediate scenario was based on the widely cited estimate of the E. coli mutation rate given by Drake (1991) . The low mutation-rate scenario followed from Ochman et al. (1999) , who reasoned from comparative data that the mutation rate given by Drake must be too high. Our high scenario increased the mutation rate 10-fold relative to that of Drake, a difference that could reflect mutations during stationary phase or scattered hypermutable loci.
The high mutation-rate scenario is decisively rejected by the sequence data, because it predicted many more synonymous substitutions than were observed. The intermediate scenario also predicted significantly more synonymous substitutions than were seen among the mutator populations, whereas the low scenario predicted fewer synonymous substitutions than observed in those populations. An even better scenario, within the context of this particular experiment, would have a base-pair mutation rate between the value of Drake (1991) and that of Ochman et al. (1999) . In particular, our best estimate of the ancestral mutation rate in the repair-proficient populations is 1.44 · 10 )10 per bp per generation. This estimate is back-calculated from the substitution rate in the mismatch-repair defective mutator populations, using a 104-fold difference in mutation rates.
We can also use the substitutions in randomly chosen genes to extrapolate to the genome as a whole. Given that we observed a total of three synonymous substitutions among 18,374 bp sequenced in the three mismatch-repair mutator populations, and using a total genome size of 4.64 · 10 6 bp (Blattner et al. 1997) , this extrapolation implies an average of 253 genomic synonymous substitutions per mutator population after 20,000 generations. These populations experienced a 104-fold higher mutation rate for 15,300 generations, on average, than did the eight populations that retained the low ancestral mutation rate throughout. Taking this difference into account, the average nonmutator population is predicted to have had only 3.2 synonymous substitutions in its entire genome! (If we had used the arithmetic-mean estimate for the mutator effect instead of the geometric-mean, the predicted number of substitutions in the nonmutator populations would be even lower.) These genomic extrapolations are subject to uncertainty owing to the small number of synonymous substitutions discovered. In particular, the 95% confidence interval for a count of 3 extends from 0.62 to 8.78, and the confidence intervals for the numbers of substitutions are proportional. If we apply this uncertainty to the nonmutator populations to obtain an upper bound, the average population has accumulated fewer than 10 synonymous substitutions in its genome during 20,000 generations.
We emphasize that these numbers reflect synonymous substitutions only. Three of the four substitutions observed in the randomly chosen genes are synonymous mutations; the fourth is a nonsynonymous mutation in ybbB, which encodes a putative capsule anchoring protein (Sadosky et al. 1991 ) that might be under relaxed selection in the laboratory.
Three lines of evidence demonstrate that there have been a number of other substitutions-including ones that are beneficial and nonsynonymous-in all the populations, including nonmutator as well as mutator.
First, the populations have improved their fitness relative to the ancestor by about 70%, on average, during the 20,000 generations (Cooper and Lenski 2000) . Based on the step-like dynamics of adaptation during the first 2,000 generations, no substitution accounted for more than about a 10% improvement, and the more gradual later gains imply more mutations of smaller effect (Lenski et al. 1991; Lenski and Travisano 1994; Gerrish and Lenski 1998) . Thus, there must be at least 10, and perhaps 20 or so, beneficial substitutions in each population. It is not surprising, however, that sequencing less than 0.5% of the genome would have missed these beneficial substitutions.
Second, previous work with these populations found numerous IS-mediated mutations, including insertions, deletions, and inversions (Papadopoulos et al. 1999; Schneider et al. 2000; Cooper et al. 2001) . One particular set of IS-mediated mutations, involving deletion of part or all of the rbs operon, was substituted in all 12 of the populations, although the physical extent of the deletion varied in each case (Cooper et al. 2001) . Again, however, it is not surprising that 10 or 20 IS-mediated substitutions per population would be missed by sequencing less than 0.5% of the genome.
Third, members of the REL laboratory have found four genes to date in which at least 8 of the 12 independently evolved populations have nonsynonymous substitutions. Two of these cases, involving deletions of the rbs operon (Cooper et al. 2001) and point mutations in the spoT gene (Cooper et al. 2003) , have been published so far; and in both studies the substitutions were shown to be beneficial on the ancestral background by constructing otherwise isogenic strains. The other two cases are presently being studied and will be reported in future papers. These four cases indicate that the beneficial mutations are concentrated in a relatively few genes, which makes it unlikely that they would be discovered in a study such as the present one. However, the present study provides a valuable statistical control, or baseline, for the cases where multiple populations show similar nonsynonymous substitutions.
Finally, in closing, we would briefly mention the relevance of our study for molecular epidemiology, including the ongoing investigation of the source of the Bacillus anthracis used in recent bioterrorism (Read et al. 2002) . One of the challenges that can arise in such work is when two potential sources are very closely related by a recent common ancestor. It is rather daunting to realize that after 20,000 bacterial generations probably fewer than 10 synonymous mutations were substituted in the entire genome in an evolving E. coli population that retained its DNA repair functions.
